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Critically endangered Rice’s whales
(Balaenoptera ricei) selectively feed
on high-quality prey in the Gulf

of Mexico

Jeremy J. Kiszka'”, Michelle Caputo?, Johanna Vollenweider?, Michael R. Heithaus?,
Laura Aichienger Dias“* & Lance P. Garrison*

Determining the drivers of prey selection in marine predators is critical when investigating ecosystem
structure and function. The newly recognized Rice’s whale (Balaenoptera ricei) is one of the most
critically endangered large whales in the world and endemic to the industrialized Gulf of Mexico. Here,
we investigated the drivers of resource selection by Rice’s whales in relation to prey availability and
energy density. Bayesian stable isotope (6'3C, §'°N) mixing models suggest that Rice’s whales feed
primarily on a schooling fish, Ariomma bondi (66.8% relative contribution). Prey selection using the
Chesson'’s index revealed that active prey selection was found to be positive for three out of the four
potential prey identified in the mixing model. A low degree of overlap between prey availability and
diet inferred from the mixing model (Pianka Index: 0.333) suggests that prey abundance is not the
primary driver of prey selection. Energy density data suggest that prey selection may be primarily
driven by the energy content. Results from this study indicate that Rice’s whales are selective
predators consuming schooling prey with the highest energy content. Environmental changes in

the region have the potential to influence prey species that would make them less available to Rice’s
whales.

Understanding predator-prey interactions is critical in ecology, but it remains challenging when investigating
highly mobile and elusive species foraging at depth in marine ecosystems'™. This is particularly the case for
cetaceans, for which dietary data are often lacking due to the extent of their movements, both horizontally and
vertically in the water column, and the lack of stomach content samples or observational evidence of their diets
and foraging behavior®-®. Obtaining dietary data is, however, crucial to predicting how changes in predator-prey
interactions may influence individual and population-level fitness in light of impacts from human activities,
including overfishing and climate change®' With their high metabolic rates, cetaceans rely on predictable
prey resources, and changes in prey availability and quality can potentially have population-level consequences,
including decreased survival and reproduction rates leading to subsequent population declines'*-°. Cetaceans
exhibit varying levels of foraging specialization, both among and within species and populations, and there is
evidence that the cost of living of these marine predators is highly correlated with the energy content of their
prey'®. For example, common dolphins (Delphinus delphis) in the northeast Atlantic forage on high energy
density prey to meet their energetically costly lifestyle, and disregard prey with lower energy content regardless
of their abundance!’. Predators with high levels of specialization and higher energetic requirements should also
be more susceptible to risks associated with the decline of their prey. Information on the feeding ecology and
drivers of prey selection are lacking for many cetacean species (including several species on the [IUCN Red List
of Threatened Species), which is critical information for predicting how populations may be affected by changes
in prey availability and quality with increased anthropogenic stressors on marine ecosystems.

Historically, most information on the diets and feeding ecology of baleen whales has been generated from the
examination of stomach contents of harvested whales'®-**. However, this approach is inadequate or inappropriate
for a range of reasons, primarily legal and ethical, and stomach content samples from strandings or incidental
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captures in fishing gears remain rare and sample sizes are often too small. Other approaches, such as the use of
multi-sensor (including cameras) suction-cup-attached archival tags have also greatly improved our understand-
ing of the foraging ecology and behavior of large cetaceans®’. However, deploying these systems on rare and
elusive cetacean species can be challenging. Over the past decades, there has been a significant increase in the
use of bulk stable isotopes of multiple elements (nitrogen, carbon, and sulfur in particular) from biopsy samples
collected on free-ranging whales to assess the trophic interactions and feeding ecology of cetaceans®*=2*. Stable
carbon and nitrogen isotope ratios (noted 8°C and 8"N, respectively) within tissues of a predator reflect those of
its prey, providing a useful method for assessing trophic interactions and identifying foraging habitats. Although
most studies have investigated patterns of inter->>*>%° and intra-species isotopic niche partitioning?”?, there have
been increasing efforts to estimate the relative proportions of prey sources in the diets of marine predators using
stable isotope mixing models**~*. Stable isotope mixing models incorporate uncertainty for each parameter and
employ diet-tissue discrimination factors (or trophic enrichment factor, TEF), which account for the changes in
isotopes through the food web***%. Over the past decade, the use of stable isotope mixing models has greatly
increased our knowledge of the trophic interactions and diets of many cetacean species and populations®*3*36,

Although assessing the diets of cetaceans and other marine predators is crucial in marine ecology, very few
studies attempt to understand the drivers of prey choice!”*”. Why is one or multiple prey items selected more
than others? This question is difficult to answer since it requires an understanding of the prey landscape for a
given predator, which is often challenging to assess, particularly in open ocean ecosystems. Based on optimal
foraging theory, foragers should select prey based on their net energy intake®®*. However, in practice, the diets
of predators foraging on mobile prey are the result of both prey choice and the effectiveness of anti-predator
behavior of prey**®. For large batch-feeding balaenopterid whales, prey profitability should be determined by
the energetic costs of lunge feeding, the size and density of prey patches, and the energy content of individual
prey species. Actual diets of these whales should therefore be the result of predator habitat selection and resulting
prey encounter rates, decisions on pursuing prey, and effectiveness of anti-predator behavior of prey species®*.

The newly recognized Rice’s whale (Balaenoptera ricei) is a critically endangered balaenopterid whale (abun-
dance of ca. 50 individuals, CV =0.50; Garrison et al. 2020*') endemic to the Gulf of Mexico (GoMex)*. Initially
identified as Bryde’s whale (Balaenoptera edeni), the Rice’s whale seems to have a remarkably narrow core habitat.
Systematic surveys carried out by the NOAA Southeast Fisheries Science Center (SEFSC) between 1992 and
2015 suggest that it mostly occurs in a restricted region of the northeastern GoMex in depths ranging from 100
to 400 m*’. Recent passive acoustic monitoring studies indicate that Rice’s whales also occur persistently in the
north-central and northwestern GoMex in similar depth ranges*. Although limited, archival tag data suggest
that Rice’s whales perform relatively deep dives (150-250 m deep) and forage diurnally, near the benthos on the
upper continental slope of their core habitat*’. There is, however, no direct information on the foraging ecology
of Rice’s whales, including how prey choice might be affected by both prey availability and energy density. Here,
we investigated the feeding ecology of Rice’s whales in the northeastern GoMex. Specifically, we (1) assessed prey
availability using trawl data and (2) investigated prey choice using a combination of stable carbon and nitrogen
isotope mixing models and data on energy content of potential prey.

Materials and methods

Sampling. Skin biopsy samples were collected from Rice’s whales during SEFSC research surveys from 2010
to 2019. Biopsy sampling was performed from a 7-m rigid hull inflatable boat with a crossbow fitted with a
custom designed sampling dart and head to extract a small core of tissue (7 mm diameter x 40 mm depth). Skin
samples were stored frozen at — 80 °C. During the summer of 2019, a mid-water trawl was deployed at selected
locations (21 total trawl stations; Fig. 1) during daylight hours to sample potential Rice’s whale prey. Trawl sta-
tions were selected by identifying near-bottom aggregations of backscattering organisms based on observations
from a Simrad EK80 echosounder (transducer frequencies 18 kHz, 38 kHz and 120 kHz) that was monitored
continuously during daylight hours as the vessel surveyed within known Rice’s whale habitat. Once a potential
aggregation was identified, the trawl was deployed to target a specific fishing depth, typically 5 m above the
bottom at a vessel speed of 3-4 knots (5.5-7.4 km/h). The trawl consisted of a 27 m headrope and ca.6 m wing
depth with a footrope length of 31.7 m. The liner in the codend consisted of 0.6 cm square heavy delta material.
A SimRad ITI gear monitoring system was used to track fishing depth and door spread throughout deployment.
The trawl was towed generally near or at the bottom for a maximum of 30 min, not including deployment and
retrieval of the net. During all tows, visual observers were stationed on the starboard, port and flying bridge to
assist with locating cetaceans that may be in the vicinity to avoid interactions with the trawl. Catches were sorted
by species which were then enumerated, measured (total length) and weighed. In each trawl, fish and cephalo-
pods were stored and sampled for stable isotope analysis by collecting a small punch of muscle tissue which were
stored frozen at—20 °C. Whole bodies of selected species were also stored frozen (- 20 °C) for proximate com-
position analysis. Sampling was conducted by personnel with training and experience collecting biopsy samples
from free-ranging cetaceans as authorized by Marine Mammal Protection Act (MMPA) research permits issued
by the National Marine Fisheries Service (NMFS) Office of Protected Resources to the SEFSC Marine Mammal
Program (MMPA research permit #s 779-1633, 14450 and 21938). Research was also approved by and con-
ducted under the protocols of Florida International University’s Institutional Animal Care and Use Committee
(approval IACUC-18-017-CRO01). All experiments were performed in accordance to the relevant US guidelines
and regulations, and in accordance with ARRIVE guidelines (https://arriveguidelines.org).

Prey availability. Potential prey species occurrence (%0O) was expressed as the number of hauls in which a
species was observed, and the relative abundance (%N) was expressed as the number of individuals of a species
relative to other species found throughout the series of hauls following methods of Spitz et al.'°.
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Figure 1. Trawl station locations and total catch (kg) in the Rice’s whale (Balaenoptera ricei) habitat in the
northeastern Gulf of Mexico collected during July 2019. The locations of Rice’s whale observations during the
same survey are indicated along with the core Rice’s whale habitat (Rosel and Garrison*?). Map created using
ArcGIS Desktop version 10.5, ESRI, Inc., http://www.esri.com.

%0; = nj/N x 100,
where #; is the number of hauls where species i was found and N is the total number of hauls.
%Ni = Xi/X x 100,

where x; is the total number of individuals of species i and X is the total number of all individuals of all species
caught.

Since prey size and weight varied markedly among species, we also expressed the relative abundance of each
species in biomass (%B) in hauls:

%Bi = bi/B x 100,

where b, is the total biomass (kg) of individuals of species i and B is the total biomass of all species caught.
Confidence intervals around prey relative abundances and biomasses were generated using bootstrap simula-
tions, where random samples were drawn with replacement and the procedure was repeated 1000 times.

Stable isotope analysis and Bayesian mixing model. Stable isotope analysis (SIA) was completed
at the Center for Aquatic Chemistry and Environment in the Institute of Environment at Florida International
University (North Miami, FL). Rice’s whale skin and prey muscle samples were dried, homogenized into a fine
powder, and lipid extracted prior to SIA because lipids are *C depleted®. Lipids were extracted by agitating
muscle and skin tissues in a 2:1 chloroform:methanol mixture for 1 min with a solvent volume 5-times greater
than the sample, after which the samples were left at room temperature for 1 h, centrifuged and the supernatant
was removed. After repeating this procedure two more times, each sample was rinsed in deionized water, dried,
and 0.4-0.5 mg of sample added to a 4x 6 mm tin capsule for SIA using a ThermoFinnigan Delta V isotope ratio
mass spectrometer (IRMS) coupled with a NA 1500 Ne elemental analyzer. Analytical reproducibility was based
on replicates of internal standards including bovine liver (NBS standard reference material) and glycine (Alfa
Aesar); variation among standards was 0.07%o and 0.08%o for §'*C and 8"°N, respectively. The mean C:N values
from analyzed tissues were less than 3, indicating an adequate lipid extraction*. Isotopic ratios (R) are reported
in the standard delta (8) notation relative to the international standards of Vienna Pee Dee belemnite (§'3C) and
atmospheric nitrogen (§"°N) using the following equation: §X = (Rypie/ Rotandara — 1) 10°, where X is *C or N
and R is the isotope ratio *C/"2C or "N/MN*¥.

Bayesian mass-balance stable isotope mixing models were performed using the ‘MixSIAR’ package in the
R statistical programming language® to estimate the relative contribution of potential prey species to the diets
of Rice’s whales. Mixing models were run with three Markov chain Monte Carlo chains of 300,000 draws and a
burn-in of 200,000 draws. Convergence of the models was checked using Gelmen-Rubin and Geweke diagnostics.
Stable isotopes incorporate into tissues based on species and tissue-type specific turnover rates. Since no specific
TEF is available for Rice’s whales, we used TEFs from the skin of fin whales (Balaenoptera physalus) available in
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the literature*. The TEFs used here were 1.29 +0.56%o for §°C and 2.73 £ 0.58%o for §'°N. The appropriateness
of prey groups for Rice’s whale diet and the TEF used here was evaluated by determining the likelihood that prey
groups were included in a simulated Rice’s whale mixing polygon®. This evaluation method uses a large number
of Monte Carlo simulations to create polygons for 1500 iterations of source data (i.e., prey isotope values) cor-
rected using TEFs. It then uses a point-in-polygon algorithm to determine whether a predator’s isotope signature
is within or on the edge of the mixing polygon and the proportion of iterations for which consumers fall within
the mixing polygon is calculated. It is generally accepted that any consumers falling within the 95% mixing region
can reasonably be included in the mixing model, and those outside of this percentile are removed. All statistical
analyses were performed in the R statistical programming language v.4.2.1*". Mean (+ SD) stable carbon and
nitrogen isotope data for fish and cephalopod species sampled are provided in Table S1 (Supplementary Material).

Prey energy density and proximate composition. Fish and squid were thawed and processed in the
laboratory at Auke Bay Laboratories (Juneau, AK). Fish length (total length and fork length depending on spe-
cies) and mantle length of squid was measured to the nearest mm. Whole-body wet mass was measured to the
nearest 0.001 g. In preparation for chemical analysis, individual fish were homogenized to a uniform consist-
ency. An aliquot of wet homogenate was dried to a constant mass in a LECO Thermogravimetric Analyzer
701" at 135 °C until a constant mass was achieved. Quality assurance samples dried with each batch of samples
consisted of two replicates of Meat1546 homogenate from the National Institute of Standards and Technology,
with a maximum standard deviation between the replicates of 0.4 and measured percent moisture within 3%
of target values. Dried samples were pulverized to a uniform consistency. Energy density (ED; kJ/g dry mass)
of fish was measured using bomb calorimetry. Dried homogenates of 20-60 mg were pressed into pellets and
combusted using a Parr 6725 semi-micro bomb calorimeter using standard instrument operating procedures
from the instrument manual. Quality assurance samples included with each batch of samples were (1) a benzoic
acid standard with each bomb unit within 2% of the target value, (2) a sample replicate with each bomb unit,
having a coefficient of variation of less than 1.9 between the replicates, and (3) an internal laboratory standard
of homogenized walleye pollock (Gadus chalcogrammus) tissue from the Gulf of Alaska within 3% of the target
value. Measured energy densities were converted to a wet-mass basis using moisture content.

Lipid content of dried fish and squid was measured using a sulfo-phospho-vanillin (SPV) colorimetric method
(modified from Van Handel"). Briefly, dry sample homogenates were placed in glass centrifuge tubes with 2 ml of
2:1 (v/v) chloroform/methanol, sonicated for 30 min, diluted to 1:10, and added to a 96-well plate. The plate was
heated to 100 °C for 10 min, after which 20 pl of concentrated sulfuric acid was added to each well and heated for
10 more minutes before cooling to room temperature. Subsequently, 280 ul of SPV reagent (1.2 mg/ml vanillin
and 80% v/v phosphoric acid) was added to each well and the plate was vortexed at 500 rpm for 30 min. Light
absorbance at a wavelength of 490 nm was measured through each sample and total lipid was calculated from a
calibration curve. Quality assurance samples included with each batch of samples were (1) two internal labora-
tory standards of walleye pollock tissue within 8% of the target value, (2) a sample replicate having a coefficient
of variation of less than 3 between the replicates, and (3) a blank showing less than 0.00 g lipid. Percent lipid was
converted from dry to wet mass basis using moisture content. Protein content was determined from nitrogen
measurements. Nitrogen content was measured using an elemental analyzer (FlashSmart elemental analyzer,
Thermo Scientific Inc.!) following the Dumas method*>*. Protein content was estimated using a standard method
of multiplying total nitrogen content by a conversion factor of 6.25, the average ratio of nitrogen to protein in
animal tissues®. Quality assurance samples included with each batch of samples included (1) a blank capsule, (2)
an internal laboratory standard of homogenized walleye pollock tissue within 1.5% of the target value, and (3)
two sample replicates having a coefficient of variation of less than 0.01 between the replicates. Protein content
was converted from dry to wet mass basis using moisture content. Normality was tested using Shapiro-Wilks
tests, and %lipid was log transformed to achieve normality, but %protein could not be transformed to achieve
normality and therefore a Kruskal-Wallis test was used. ANOVAs were used to test the differences in means
between species for energy content (dry and wet) and %moisture. Mean (+ SD) proximate composition data for
all species sampled is provided in Table S2 (Supplementary Material).

Prey selection. We used the Pianka index of overlap® to determine whether the composition of Rice’s
whales diets, based on isotope mixing models, matched the overall biomass of prey in the core habitat:

_ > piapis
VEPL

where pjy4 is the percentage by biomass of species i in hauls and p;p is the percentage by biomass of the species
i in the diets of Rice’s whales inferred from the stable isotope mixing model. The Pianka index of overlap varies
between 0 (no overlap) and 1 (complete overlap).

There is a range of indices to quantify prey selectivity in foragers that have been used for terrestrial and marine
organisms, but there is no agreement on which index performs best>->%. Here, prey selection was investigated
using the Chesson’s index™, widely used in a range of foragers to assess prey selectivity®®®!, including cetaceans'”:

Tipi
Sripi’

Xi(1->m)=

where ; is the selectivity for prey type i, r; and p; are the proportions of prey i in the diet of Rice’s whales inferred
from the stable isotope mixing model and from trawl data, respectively, and m is the total number of species
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found in hauls and identified as potential prey in the mixing model. Values of ; close to 1/m correspond to
random feeding, whereas values greater than 1/m correspond to active selection of prey i.

Results

Nektonic community composition. From 21 trawl hauls carried out from 4 to 28 July 2019, a total of
35,598 organisms with an overall biomass of 158.21 kg was collected (Table 1, Fig. 1). Out of 26 total species/
species groups sampled, 16 had an occurrence of<10%. Relative abundance was the highest for Maurolicus
weitzmani (88.05%, [95% CI 86-90]), but in biomass, two species dominated the nektonic community: Ariomma
bondi (26.7%, [95% CI 23.9-29.5]) and M. weitzmani (19.67%, [95% CI 17.4-22], Table 1, Fig. 2).

Rice’s whale biopsy sampling. A total of 10 skin and blubber biopsy samples were collected on free-
ranging Rice’s whales in the northeastern Gulf of Mexico between June 2010 and July 2019. All individuals
sampled were physically mature, and in good physical condition (no evidence of emaciation). However, a single
sample was collected in 2010, whereas all remaining samples were collected in June and July 2018 and 2019. A
multivariate analysis of variance (MANOVA) showed that there was no effect of latitude, longitude, month, or
year on stable carbon and nitrogen values (all p>0.05).

Trophic interactions and mixing model. Potential prey species (fish and cephalopods) were selected
on the basis of their relative abundance in the foraging habitat. Four species largely dominated the nektonic
community and were therefore selected for the stable isotope mixing model, particularly Doryteuthis pealeii, A.
bondi, Diaphus dumerilii and M. weitzmani (Table 1). All Rice’s whale samples (n=10) fell within the mixing
polygon, suggesting that the TEF and prey included in the analysis were appropriate (Fig. 3; Smith et al.*’). A
one-way ANOVA revealed that potential prey included in the analysis had significantly different §'*C (F=20.86,
p<0.0001) and 8N values (F=12.53, p<0.01, Table 2). Stable isotope values ranged from 11.98 to 12.88 for
8N (mean=12.38+0.28) and from —17.35 to—16.82 for §*C (mean= —17.09+0.20). Mixing models of die-

Family Species (%0 [N %N [95%Cl [%B [95%CI
Elasmobranchs
Squalidae Squalus cubensis 19.05 15 0.04 [0-0.2] 2.89 | [1.9-4]
Squatinidae Squatina dumeril 4.76 1 0.0028 | [0-0.1] 4.18 | [3-5.6]
Cephalopods
Loliginidae Doryteuthis sp. 42.86 819 2.30 [1.4-3.3] |15.1 [12.9-17.4]
Other squids 61.90 61 0.17 [0-0.5] 0.21 | [0-0.5]
Invertebrates
Various 100 1721 | 483 |[3.7-62] | 3.90 | [2.7-5.1]
Teleosts
Acropomatidae Synagrops sp. 28.57 122 0.34 | [0-0.8] 1.18 | [0.6-1.9]
Argentinidae Argentina striata 4.76 5 0.014 | [0-0.1] 0.06 | [0-0.2]
Ariommatidae Ariomma bondi 19.05 430 1.21 [0.6-1.9] |26.70 | [23.9-29.5]
A. melanum 9.52 2 0.0056 | [0-0.1] 0.04 | [0-0.2]
Caproidae Antigonia capros 4.76 13 0.037 | [0-0.2] 091 |[0.4-1.5]
Carangidae Caranx ruber 38.10 25 0.070 | [0-0.3] 0.01 | [0-0.1]
Selene setapinnis 61.90 49 0.14 [0-0.4] 0.018 | [0-0.1]
Clupeidae Alosa alabamae 4.76 93 0.26 [0-0.6] 12.30 | [10.3-14.4]
Gempylidae Neoepinnula americana 14.29 9 0.025 | [0-0.2] 0.10 | [0-0.3]
Lutjanidae Pristipomoides aquilonaris | 33.33 11 0.031 | [0-0.2] 0.37 | [0.1-0.8]
Merlucciidae Steindachneria argentea 4.76 8 0.022 | [0-0.1] 0.17 | [0-0.5]
Myctophidae Diaphus sp. 19.05 452 1.27 [0.6-2] 0.24 | [0-0.6]
Peristediidae Peristedion sp. 9.52 10 0.028 | [0-0.2] 0.70 | [0.2-1.3]
Polymixiidae Polymixia lowei 14.29 73 0.21 [0-0.5] 1.12 | [0.6-1.8]
Scorpaenidae Pontinus longispinis 19.05 68 0.19 [0-0.5] 2.53 | [1.6-3.6]
Sternoptychidae Maurolicus weitzmani 47.62 | 31,345 |88.05 [86-90] 19.67 | [17.4-22]
Stromateidae Peprilus burti 9.52 5 0.014 | [0-0.1] 0.40 | [0.1-0.8]
Synodontidae Saurida sp. 28.57 55 0.15 | [0-0.5] 3.84 | [2.7-5.1]
Trichiuridae Lepidopus altifrons 28.57 38 0.11 [0-3] 1.22 | [0.6-1.9]
Triglidae Prionotus stearnsi 14.29 13 0.037 | [0-0.2] 0.17 | [0-0.5]

Table 1. Composition of the nektonic community in the northeastern Gulf of Mexico, where %O is the
occurrence; N is the number of fish collected; %N is the relative abundance; 95% CI is the confidence intervals
at 95%, %B is the percentage in biomass.
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Figure 2. (a) Occurrence (%0), relative abundance (%N) and relative biomass (%B) of the nektonic
community inferred from trawl surveys conducted in July 2019 and (b) of the main potential prey identified for
Rice’s whales in the northeastern Gulf of Mexico.

tary contributions identified A. bondi as the main prey for Rice’s whales (Fig. 4: 66.8 +£18.5%), followed by D.
dumerlii (17.8+17.4%). Other prey had minor relative contributions to the diet of Rice’s whales (D. pealeii;
6.4%6.0%; M. weitzmani; 9.1 £7.5%; Fig. 4).
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Figure 3. (a) Mean stable isotope values for skin samples of Rice’s whale and their potential prey items from
the Gulf of Mexico and (b) simulated mixing region for the biplot shown in panel (a), including the positions of
Rice’s whales (black dots) in relation to their prey (white crosses), including the trophic enrichment factor from
Borrell et al.*® (§C=1.29+0.56; 8N =2.73+0.58). Contours are used to illustrate probabilities within the mixing
region at 5% (the outermost contour) and every 10% interval, illustrated using the color scale and contour lines.
The 95% mixing region is the area within the 5% contour.
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Species Common name N |8“C+SD §°N+SD TL | Diet Habitat

Maurolicus weitzmani | Atlantic pearlside 18 | -19.22+0.31 |10.64+1.02 |3.1 | Copepods Pelagic

Ariomma bondi Silver-rag driftfish 7 —18.34+0.35 | 10.66+1.24 | 3.5 | Crustaceans Demersal; 100-200 m

Diaphus dumerilii Dumeril’s lanternfish | 8 | —18.83+0.24 | 10.63+1.27 | 3.0 | Planktonic copepods | Mesopelagic

D X . . . Small fish, crusta- Mesopelagic and
oryteuthis pealeii Longfin inshore squid | 14 | —17.63+0.49 | 11.77+091 |34 ;eliril;, polychaetes, benthic

Table 2. Potential prey used in the mixing model to determine prey preferences of Rice’s whale (Balaenoptera
ricei), including sample size (N), mean (+ SD) stable carbon and nitrogen isotope values (i.e., §'*C and §°N),
trophic level (TL), diet, and habitat. TL, diet, and habitat taken from Fishbase and Sealifebase.

Proximate composition of prey. Energy density (k]/g wet and dry weights), %lipid, %protein and %mois-
ture was calculated for all Rice’s whale potential prey (Table 3). All species were significantly different (p <0.0001)
for all measurements: energy density (wet: F=20.82; p<0.0001 and dry: F=22.52, p<0.0001), %lipid (F=10.40,
P <0.0001), %protein (Kruskal-Wallis: H=10.11, p=0.01), and %moisture (F=17.84, p <0.0001; Fig. 5). Tukey’s
post-hoc testing revealed that A. bondi had significantly (p <0.05) greater energy (wet), lipids, and protein com-
pared to all other species (Table 4). A. bondi were also significantly (p <0.05) enriched in energy (dry) compared
to D. dumerilii and M. weitzmani.

Prey selection. The Pianka index suggests a relatively low degree of overlap between prey availability (in
biomass) and prey consumed (0.333), suggesting that prey abundance is not the primary driver of prey selec-
tion. Active prey selection was found to be positive for three out of the four potential prey in the mixing model,
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Figure 4. Proportion of dietary contribution of four different potential prey items to Rice’s whale (Balaenoptera
ricei) diets using Bayesian mixing model analysis with trophic enrichment factors (Borrell et al.*) of stable
isotope samples taken in the Gulf of Mexico.

Species N | Energy density (kJ/g wet) | Energy density (kJ/g dry) | %Lipid %Protein %Moisture
Ariomma bondi 3 1515+0.34 20.78+1.71 4.42+2.14 |17.627+0.35 |75.13+2.01
Diaphus dumerilii 7 | 3.78+0.26 17.89+.074 2.26+0.72 12.32+0.73 | 78.85+1.06
Doryteuthis pealeii 8 |3.43+043 20.14+0.53 1.20+£0.27 11.78+1.47 | 82.97+2.078
Maurolicus weitzmani 23 | 3.67+0.317 17.65+0.94 2.27+0.73 12.52+0.92 | 79.21+1.71

Table 3. Energy density and proximate composition of Rice’s whale (Balaenoptera ricei) prey from the Gulf of
Mexico.
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Figure 5. Proximate composition (mean, median, 50, 75 percentiles and outliers) of Rice’s whale (Balaenoptera
ricei) prey from the Gulf of Mexico, including (a) energy density (kJ/g dry), (b) %lipid, (c) %protein and (d)
%moisture content.

particularly D. pealeii, D. dumerilii and most significantly for A. bondi (Table 5). Energy density data also suggest
that prey selection may be primarily driven by the energy content of A. bondi (Table 4, Fig. 5).
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‘ Ariomma bondi | Diaphus dumerilii | Doryteuthis pealeii
Energy density (kJ/g dry)
Diaphus dumerilii 2.89
Doryteuthis pealeii 0.64 2.25
Maurolicus weitzmani -3.14 -0.24 2.49
Energy density (k]/g wet)
Diaphus dumerilii 137
Doryteuthis pealeii 1.72 0.36
Maurolicus weitzmani 1.49 0.12 0.23
%Moisture
Diaphus dumerilii 3.72
Doryteuthis pealeii 7.85 4.12
Maurolicus weitzmani 4.08 0.36 3.77
9%Lipid
Diaphus dumerilii -0.62
Doryteuthis pealeii -1.24 -0.62
Maurolicus weitzmani -0.63 -0.015 0.60
%Protein
Diaphus dumerilii 0.024
Doryteuthis pealeii 0.029 0.0050
Maurolicus weitzmani 0.023 —-0.0012 —-0.0061

Table 4. Tukey’s pairwise comparisons between proximate composition measures of Rice’s whale
(Balaenoptera ricei) prey. Bold indicates a significant difference (p <0.05).

Family ‘ Species ‘ a ‘ Selection
Cephalopods

Loliginidae ‘ Doryteuthis pealeii ‘ 0.039 ‘ Positive
Teleosts

Ariommatidae Ariomma bondi 0.766 | Positive
Myctophidae Diaphus dumerilii 0.194 | Positive
Sternoptychidae | Maurolicus weitzmani | 0.001 | Negative

Table 5. Values of Chesson’s index (a;).

Discussion

Understanding predator—prey dynamics in marine ecosystems and in highly mobile organisms remains a major
challenge, particularly in elusive large marine predators such as baleen whales*>%, This issue is exacerbated
when the studied species is rare and critically endangered, and for which minimally invasive approaches should
be used to investigate their foraging ecology. This is the first study attempting to describe the feeding ecology of
Rice’s whales in their core habitat of the northeastern GoMex, and also the first examination of the potential driv-
ers affecting prey selection in this tropical resident baleen whale species. More specifically, we investigated how
prey availability (inferred from trawl surveys) and quality (inferred from proximate composition) would affect
prey selection in this predator. Understanding the feeding ecology and prey selection of Rice’s whales is crucial
to predict how this species could potentially respond to change in prey availability in the GoMex. Although
limited, there is evidence that several species of cetaceans across the globe have experienced population declines
due to prey depletion. For example, decreasing abundance of Mediterranean common dolphins has been linked
to the decline of small pelagic fish stocks in the Ionian Sea!>!* In the coastal waters of the Pacific northwest,
southern resident killer whales (Orcinus orca) have experienced population declines as a result of Chinook
salmon decline (Oncorhynchus tshawytscha)'®. Changes in the spatiotemporal distribution of prey can also have
repercussions on life history parameters of cetaceans. As such, reproductive rates of North Atlantic right whales
(Eubalaena glacialis) can be significantly influenced by prey availability in the Gulf of Maine, and can therefore
have major impacts on the recovery of this critically endangered species®. The GoMex is exposed to a wide range
of anthropogenic impacts that are putting Rice’s whales at acute risk of extinction due to disturbance, collisions
with ships, and bycatch®. Fisheries and climate change could have severe consequences for Rice’s whale prey
and ultimately, the recovery of this species. Therefore, improving our understanding of the foraging ecology of
Rice’s whales is important for developing management strategies that will enhance the probability that they are
able to persist in this region.
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The results of our study might be affected by a number of biases. Stable isotope mixing models are useful to
investigate the trophic interactions within food webs, but their precision can be limited, particularly when the
predator considered has a broad diet®. As such, stomach content analysis remains the most reliable method to
comprehensively investigate the diets of cetaceans particularly since it provides the most detailed information
on prey composition!”. Another limitation of our approach to assess the diets of Rice’s whales was the choice
of Trophic Enrichment Factor used in our mixing model (TEF for the fin whale was used) because it is the
most significant potential source of error in these models****%”. However, it is generally accepted that TEFs of
taxonomically similar species can be appropriate’ 8. Potential prey selection can also be a significant source
of bias. However, we built our mixing model based on the main prey occurring within the Rice’s whale core
habitat, which has rarely been achieved in other regions, particularly for other large whales in tropical marine
ecosystems. Another limitation of our study is also the absence of a priori knowledge on the feeding ecology
of Rice’s whales in the GoMex, or the unavailability of complementary approaches or methods that would have
supplemented dietary information from stable isotope mixing models, such as stomach content from stranded
individuals, behavioral observations of their feeding behavior, or whale-borne video camera data*"*. However,
no other sources of information were available, particularly since Rice’s whale strandings are extremely rare, and
observations of their foraging behavior are impossible due to the fact that they do not forage at the surface®.
With regards to prey availability within the Rice’s whale habitat, trawling surveys can be affected by sampling
design (spatial and temporal fishing effort, immersion time and depths), and the differential escape capabilities
of species sampled!”®. Lastly, trawling methods have the tendency to average catch rates over relatively large
spatial scales in comparison to the size and distribution of prey patches that Rice’s whales might be targeting.
Therefore, it could possibly lead to an underappreciation of the fine-scale mechanisms of distribution and patch
densities of Rice’s whale prey, and on how Rice’s whales exploit these prey patches. Despite some limitations, we
believe that we used the best methods and practices to reconstruct the diet of Rice’s whales, and to investigate
the potential drivers of prey choice.

Our results suggest that Rice’s whales in the northeastern GoMex are selective predators, mostly foraging
on high-energy content prey, particularly A. bondi. Other prey that are relatively abundant in the Rice’s whale
habitat were found to have a lesser contribution. Most significantly, our results suggest that M. weitzmani, one
of the most abundant species in our samples, was relatively unimportant in the diets of Rice’s whales. A. bondi is
part of a community of small schooling fish occurring in outer continental shelf waters of the broader GoMex
and northwestern Atlantic. It occupies a demersal habitat over muddy bottoms, typically occurs in water depths
of 50-500 m, and is described as occurring in large schools’®’!. Individual A. bondi collected during our study
ranged in total length from 151 to 200 mm (mean =168, SD =9.9, n=28). Distribution maps from historical catch
records indicate that A. bondi occur on the outer edge of the continental shelf throughout the northern GoMex"?.
Near-bottom trawl survey data collected over the outer shelf of the northern GoMex between 2003 and 2013
show that this species is common in the GoMex, particularly near the shelf break throughout the north-central
and northwestern GoMex (National Marine Fisheries Service, Southeast Fisheries Science Center, unpublished
data), where Rice’s whales primarily occur®.

Examining prey choices in marine predators such as cetaceans is challenging and difficult to quantitatively
assess, particularly in marine environments. However, the results of our study allow us to identify some general
patterns in the feeding strategies of Rice’s whales in the GoMex, particularly with respect to the relative impor-
tance of prey availability vs. quality. The high importance of A. bondi, as suggested by the mixing model, in the
diets of Rice’s whales is probably influenced by the relatively high biomass of this prey in the habitat. However,
based on proximate composition data and the prey selection analysis, the high energy content of A. bondi, relative
to other available forage species, likely influences prey selection. A. bondi is a schooling species that tends to form
dense”’, and therefore readily detectable, aggregations, which may contribute to their prevalence in the diet of
Rice’s whales, as reported in other balaenopterid whales®*7. Rice’s whales seem to forage during the day close to
the bottom (150-250 m deep), on the upper continental slope of their core habitat*?, where A. bondi seems to also
occur predominantly. These deep dives are energetically costly (deep diving, lunge feeding®'), and whales may
need high-quality prey to meet their energetic requirements. Future research should further examine the feeding
ecology of Rice’s whales using complementary methods, such as the use of quantitative fatty acid analysis’, and
if possible, the deployment of whale-borne camera tags that would provide a better understanding of the diet,
feeding rates, and foraging behavior of Rice’s whales.

This work also has important management and conservation implications, particularly due to the listing of
the Rice’s whale under the U.S. Endangered Species Act where the designation and protection of critical habitat
is a requirement. Critical habitat describes the physical and biological features within the area occupied by the
endangered species that are essential for their conservation and recovery. The prey resources identified in this
study are an especially important component of the Rice’s whale habitat, particularly given their energy intensive
foraging behavior and high energetic demands. The apparent reliance on, and selectivity for, a prey species that
constitutes the majority of the diet of Rice’s whales makes the protection of A. bondi an essential component of
protection and conservation strategies for this whale species. This is especially important in light of the high
level of industrial activity within the GoMex and the development of new activities such as offshore wind energy
and aquaculture. If these new activities have the potential to disrupt the population dynamics or aggregation
of Rice’s whale prey, they may indirectly limit the recovery of the species, or even contribute to the extirpation
of this species from their habitat. In addition, changes in the oceanography of the region have the potential to
influence the population dynamics of prey species or result in shifts in distribution that would make them less
available to Rice’s whales. The limited habitat range for both Rice’s whales and their prey make them particularly
vulnerable to negative impacts due to climate change. An improved understanding of the physical features that
promote both high productivity and aggregations of Rice’s whale prey will help improve predictions of the long-
term impacts of climate change on this endangered species.

Scientific Reports |

(2023) 13:6710 | https://doi.org/10.1038/s41598-023-33905-6 nature portfolio



www.nature.com/scientificreports/

Data availability
The data for this study is stored at Florida International University and can be made available by the lead author
(JJK) upon request.

Received: 23 December 2022; Accepted: 20 April 2023
Published online: 25 April 2023

References
1. Sekiguchi, K., Klages, N. T. & Best, P. B. Comparative analysis of the diets of smaller odontocete cetaceans along the coast of
southern Africa. S. Afr. . Mar. Sci. 12, 843-861 (1992).
2. Pauly, D,, Trites, A. W., Capuli, E. & Christensen, V. Diet composition and trophic levels of marine mammals. ICES J. Mar. Sci. 55,
467-481 (1998).
3. Pierce, G.J. & Boyle, P. R. A review of methods for diet analysis in piscivorous marine mammals. Ocean. Mar. Biol. Annu. Rev. 29,
409-486 (1991).
4. Trites, A. W. & Spitz, J. Diet (Academic Press, 2018).
5. Hain, J. H. et al. Apparent bottom feeding by humpback whales on Stellwagen Bank. Mar. Mamm. Sci. 11, 464-479 (1995).
6. Lee, S., Schell, D., McDonald, T. & Richardson, W. Regional and seasonal feeding by bowhead whales Balaena mysticetus as indi-
cated by stable isotope ratios. Mar. Ecol. Prog. Ser. 285, 271-287 (2005).
7. Chenoweth, E. M. et al. Confronting assumptions about prey selection by lunge-feeding whales using a process-based model.
Funct. Ecol. 35, 1722-1734 (2021).
8. Kiszka, J. J., Caputo, M., Méndez-Fernandez, P. & Fielding, R. Feeding ecology of elusive Caribbean killer whales inferred from
Bayesian stable isotope mixing models and whalers’ ecological knowledge. Front. Mar. Sci. 8, 423 (2021).
9. Trites, A. W,, Christensen, V. & Pauly, D. Competition between fisheries and marine mammals for prey and primary production
in the Pacific Ocean. J. Northwest Atl. Fish. Sci. 22, 173-187 (1997).
10. Matthiopoulos, J. et al. Getting beneath the surface of marine mammal fisheries competition. Mamm. Rev. 38, 167-188 (2008).
11. Nelms, S. E. et al. Marine mammal conservation: Over the horizon. Endanger. Species Res. 44, 291-325 (2021).
12. Osterblom, H., Olsson, O., Blenckner, T. & Furness, R. W. Junk-food in marine ecosystems. Oikos 117, 967-977 (2008).
13. Bearzi, G., Politi, E., Agazzi, S. & Azzellino, A. Prey depletion caused by overfishing and the decline of marine megafauna in eastern
Tonian Sea coastal waters (central Mediterranean). Biol. Conserv. 127, 373-382 (2006).
14. Piroddi, C., Bearzi, G., Gonzalvo, J. & Christensen, V. From common to rare: The case of the Mediterranean common dolphin.
Biol. Conserv. 144, 2490-2498 (2011).
15. Ford, J. K., Ellis, G. M., Olesiuk, P. F. & Balcomb, K. C. Linking killer whale survival and prey abundance: Food limitation in the
oceans’ apex predator? Biol. Lett. 6, 139-142 (2010).
16. Spitz, J. et al. Cost of living dictates what whales, dolphins and porpoises eat: The importance of prey quality on predator foraging
strategies. PLoS ONE 7, e50096 (2012).
17. Spitz, J., Mourocq, E., Leauté, J. P., Quéro, J. C. & Ridoux, V. Prey selection by the common dolphin: Fulfilling high energy require-
ments with high quality food. J. Exp. Mar. Biol. Ecol. 390, 73-77 (2010).
18. Ichii, T. & Kato, H. Food and daily food consumption of southern minke whales in the Antarctic. Olar Biol. 11, 479-487 (1991).
19. Haug, T., Gjjeseter, H., Lindstrom, U. & Nilssen, K. T. Diet and food availability for north-east Atlantic minke whales (Balaenoptera
acutorostrata) during the summer of 1995. ICES J. Mar. Sci. 52, 77-86 (1995).
20. Best, P. B. Distribution and population separation of Bryde’s whale Balaenoptera edeni oft southern Africa. Mar. Ecol. Prog. Ser.
220, 277-289 (2001).
21. Goldbogen, J. A. et al. Integrative approaches to the study of baleen whale diving behavior, feeding performance and foraging
ecology. Bioscience 63, 90-100 (2013).
22. Hooker, S. K., Iverson, S. J., Ostrom, P. & Smith, S. C. Diet of northern bottlenose whales inferred from fatty-acid and stable-isotope
analyses of biopsy samples. Can. J. Zool. 79, 1442-1454 (2001).
23. Ryan, C. et al. Stable isotope analysis of baleen reveals resource partitioning among sympatric rorquals and population structure
in fin whales. Mar. Ecol. Prog. Ser. 479, 251-261 (2013).
24. Caputo, M. et al. Dietary plasticity of two coastal dolphin species in the Benguela upwelling ecosystem. Mar. Ecol. Prog. Ser. 669,
227-240 (2021).
25. Garcia-Vernet, R., Borrell, A., Vikingsson, G., Halldorsson, S. D. & Aguilar, A. Ecological niche partitioning between baleen whales
inhabiting Icelandic waters. Prog. Oceanogr. 199, 102690 (2021).
26. Borrell, A. et al. Niche partitioning amongst northwestern Mediterranean cetaceans using stable isotopes. Prog. Oceanogr. 193,
102559 (2021).
27. Kiszka, J., Simon-Bouhet, B., Gastebois, C., Pusineri, C. & Ridoux, V. Habitat partitioning and fine scale population structure
among insular bottlenose dolphins (Tursiops aduncus) in a tropical lagoon. J. Exp. Mar. Biol. Ecol. 416, 176-184 (2012).
28. Browning, N. E., McCulloch, S. D., Bossart, G. D. & Worthy, G. A. J. Fine-scale population structure of estuarine bottlenose dolphins
(Tursiops truncatus) assessed using stable isotope ratios and fatty acid signature analyses. Mar. Biol. 161, 1307-1317 (2014).
29. Parnell, A. C., Inger, R., Bearhop, S. & Jackson, A. L. Source partitioning using stable isotopes: Coping with too much variation.
PLoS ONE 5, 9672 (2010).
30. Marcoux, M., McMeans, B., Fisk, A. & Ferguson, S. Composition and temporal variation in the diet of beluga whales, derived from
stable isotopes. Mar. Ecol. Prog. Ser. 471, 283-291 (2012).
31. Kiszka, J. J., Méndez-Fernandez, P, Heithaus, M. R. & Ridoux, V. The foraging ecology of coastal bottlenose dolphins based on
stable isotope mixing models and behavioural sampling. Mar. Biol. 161, 953-961 (2014).
32. Ryan, C. et al. Prey preferences of sympatric fin (Balaenoptera physalus) and humpback (Megaptera novaeangliae) whales revealed
by stable isotope mixing models. Mar. Mamm. Sci. 30, 242-258 (2014).
33. Warlick, A. J. et al. Using Bayesian stable isotope mixing models and generalized additive models to resolve diet changes for fish-
eating killer whales Orcinus orca. Mar. Ecol. Prog. Ser. 649, 189-200 (2020).
34. Giménez, J., Ramirez, F, Almunia, J., Forero, M. G. & de Stephanis, R. From the pool to the sea: Applicable isotope turnover rates
and diet to skin discrimination factors for bottlenose dolphins (Tursiops truncatus). J. Exp. Mar. Biol. Ecol. 475, 54-61 (2016).
35. Stock, B. C. et al. Analyzing mixing systems using a new generation of Bayesian tracer mixing models. Peer] 6, €5096 (2018).
36. Giménez, J. et al. Diet of bottlenose dolphins (Tursiops truncatus) from the Gulf of Cadiz: Insights from stomach content and stable
isotope analyses. PLoS ONE 12, 0184673 (2017).
37. Berens McCabe, E., Gannon, D., Barros, N. & Wells, R. Prey selection by resident common bottlenose dolphins (Tursiops truncatus)
in Sarasota Bay, Florida. Mar. Biol. 157, 931-942 (2010).
38. Stephens, D. W. & Krebs, J. R. Foraging Theory (Princeton University Press, 1986).
39. Sih, A. & Christensen, B. Optimal diet theory: When does it work, and when and why does it fail? Anim. Behav. 61, 379-390 (2001).
40. Lima, S. & Dill, L. Behavioral decisions made under the risk of predation: A review and prospectu. Can. J. Zool. 68, 619-640 (1990).

Scientific Reports|  (2023) 13:6710

https://doi.org/10.1038/s41598-023-33905-6 nature portfolio



www.nature.com/scientificreports/

41. Garrison, L., P,, Ortega-Ortiz, ]. & Rappucci, G. Abundance of marine mammals in waters of the U.S. Gulf of Mexico during the
summers of 2017 and 2018. National Marine Fisheries Service, Southeast Fisheries Science Center, Miami, FL. PRD Contribution:
#PRD-2020-07. https://doi.org/10.25923/3px6-9v48 (2020).

42. Rosel, P, E., Wilcox, L., A., Yamada, T. K. & Mullin, K. D. A new species of baleen whale (Balaenoptera) from the Gulf of Mexico,
with a review of its geographic distribution. Mar Mamm Sci 37, 577-610. https://doi.org/10.1111/mms.12776 (2021).

43. Soldevilla, M. S. et al. Spatial distribution and dive behavior of Gulf of Mexico Bryde’s whales: Potential risk of vessel strikes and
fisheries interactions. Endanger. Species Res. 32, 533-550 (2017).

44. Soldevilla, M., Debich, A., Garrison, L., Hildebrand, J. & Wiggins, S. Rice’s whales in the northwestern Gulf of Mexico: Call vari-
ation and occurrence beyond the known core habitat. Endanger. Species Res. 48, 155 (2022).

45. DeNiro, M. J. & Epstein, S. Influence of diet on the distribution of carbon isotopes in animals. Geochim. Cosmochim. Acta 42,
495-506 (1978).

46. Lesage, V. et al. Stable isotopes and trace elements as indicators of diet and habitat use in cetaceans: Predicting errors related to
preservation, lipid extraction and lipid normalization. Mar. Ecol. Prog. Ser. 491, 249-265 (2010).

47. Peterson, B.]. & Fry, B. Stable isotopes in ecosystem studies. Annu. Rev. Ecol. Syst. 18, 293-320 (1987).

48. Borrell, A., Abad-Oliva, N., Gomez-Campos, E., Giménez, J. & Aguilar, A. Discrimination of stable isotopes in fin whale tissues
and application to diet assessment in cetaceans. Rapid Commun. Mass Spectrom. 26, 15961602 (2012).

49. Smith, J. A., Mazumder, D., Suthers, I. M. & Taylor, M. D. To fit or not to fit: Evaluating stable isotope mixing models using simu-
lated mixing polygons. Methods Ecol. Evol. 4, 612-618 (2013).

50. Team, R. C. R: A Language and Environment for Statistical Computing (2021).

51. Van Handel, E. Rapid determination of glycogen and sugars in mosquitoes. J. Am. Mosq. Control Assoc. 1,299-301 (1985).

52. Thompson, M., Owen, L., Wilkinson, K., Wood, R. & Damant, A. A comparison of the Kjeldahl and Dumas methods for the
determination of protein in foods, using data from a proficiency testing scheme. Analyst 127, 1666-1668 (2002).

53. Krotz, L., Leone, F. & Giazzi, G. Nitrogen/Protein Determination in Food and Animal Feed by Combustion Method (Dumas) Using
the Thermo Scientific FlashSmart Elemental Analyzer (2016).

54. Craig, J. E, Kenley, M. J. & Talling, J. E Comparative estimations of the energy content of fish tissue from bomb calorimetry, wet
oxidation and proximate analysis. Freshw. Biol. 8, 585-590 (1978).

55. Pianka, E. R. The structure of lizard communities. Annu. Rev. Ecol. Syst. 4, 53-74 (1973).

56. Ivlev, V. S. Experimental Ecology of the Feeding of Fishes (Yale University Press, 1961).

57. Manly, B., Mcdonald, L., Thomas, D., Mcdonald, T. & Erickson, W. Resource selection by animals: Statistical design and analysis
for field studies. J. Anim. Ecol. 63, 3 (2002).

58. Lechowicz, M. J. The sampling characteristics of electivity indices. Oecologia 52, 22-30 (1982).

59. Chesson, ]. Measuring preference in selective predation. Ecology 59, 211-215 (1978).

60. Ventura-Cordero, J. et al. Feed resource selection of Criollo goats artificially infected with Haemonchus contortus: Nutritional
wisdom and prophylactic self-medication. Animal 12, 1269-1276 (2018).

61. Peterson, W. T. & Ausubel, S. J. Diets and selective feeding by larvae of Atlantic mackerel Scomber scombrus on zooplankton. Mar.
Ecol. Prog. Ser. 17, 65-75 (1984).

62. Hazen, E. L., Friedlaender, A. S. & Goldbogen, J. A. Blue whales (Balaenoptera musculus) optimize foraging efficiency by balancing
oxygen use and energy gain as a function of prey density. Sci. Adv. 1,9 (2015).

63. Torres, L. G., Barlow, D. R, Chandler, T. E. & Burnett, J. D. Insight into the kinematics of blue whale surface foraging through
drone observations and prey data. Peer/ 8, €8906 (2020).

64. Meyer-Gutbrod, E. L., Greene, C. H., Sullivan, P. ]. & Pershing, A. J. Climate-associated changes in prey availability drive reproduc-
tive dynamics of the North Atlantic right whale population. Mar. Ecol. Prog. Ser. 535, 243-258 (2015).

65. Rosel, P. et al. Status Review of Bryde’s Whales (Balaenoptera edeni) in the Gulf of Mexico Under the Endangered Species Act (National
Marine Fisheries Service, 2016).

66. Phillips, D. L. et al. Best practices for use of stable isotope mixing models in food-web studies. Can. J. Zool. 92, 823-835 (2014).

67. Caut, S., Laran, S., Garcia-Hartmann, E. & Das, K. Stable isotopes of captive cetaceans (killer whales and bottlenose dolphins). J.
Exp. Biol. 214, 538-545 (2011).

68. Healy, K., Guillerme, T., Sba, K., Inger, R. & Bearhop, S. J. SIDER: An R package for predicting trophic discrimination factors of
consumers based on their ecology and phylogenetic relatedness. Ecography 41, 1393 (2018).

69. Wardle, C. S. Fish behaviour and fishing gear. In Behaviour of Teleost Fishes (ed. Pitcher, T. J.) 609-643 (Chapman & Hall, 1993).

70. Robins, C. & Ray, G. A Field Guide to Atlantic Coast Fishes of North America (Houghton Mifflin, 1986).

71. Froese, R. & Pauly, D. FishBase. www.fishbase.org (2022).

72. Robertson, D. R. & Tassell, J. V. Shorefishes of the Greater Caribbean: Online Information System. Version 2 (Smithsonian Tropical
Research Institute, 2019).

73. Cade, D. E. et al. Predator-scale spatial analysis of intra-patch prey distribution reveals the energetic drivers of rorqual whale
super-group formation. Funct. Ecol. 35, 894-908 (2021).

74. Remili, A. et al. Validation of quantitative fatty acid signature analysis for estimating the diet composition of free-ranging killer
whales. Sci. Rep. 12, 1-12 (2022).

Acknowledgements

The authors acknowledge the contributions of SEFSC and FIU staff and students who were essential in the
execution of the large vessel survey, data and sample collection, and data management including Field Pary
Chief Anthony Martinez and data manager Debra Abercrombie. Kendall Falana oversaw trawl operations, and
Mark Grace and Michael Hendon identified all collected specimens. The authors also thank Nicholas Tucker
and Vincent Quiquempois for collecting prey data. In addition, they thank the marine mammal observers who
lent their expertise and dedication to the collection of these data and the officers and crew of the NOAA Ship
Gordon Gunter. They thank the many people who had a hand in the biological and chemical analysis of the
samples. Ella Piatt bioprocessed, homogenized and bombed the samples, Emily Fergusson dried the samples
and orchestrated sample flow through the labs, Bryan Cormack extracted lipids, Matt Rogers measured protein
content, Cody Pinger QAd chemistry data, and Michele Masuda archived data in RECA’s database. They also
thank Keith Mullin for reviewing the manuscript. The primary funding for this project was from the NOAA
RESTORE Science Program, Trophic Dynamics of Gulf of Mexico Rice’s Whale Study. Marine mammal data
and samples were collected under MMPA research permit numbers 779-1633, 14450 and 21938 issued to the
National Marine Fisheries Service, Southeast Fisheries Science Center. The scientific results and conclusions, as
well as any views or opinions expressed herein, are those of the author(s) and do not necessarily reflect those of
NOAA or the Department of Commerce. Any use of trade, firm, or product names is for descriptive purposes

Scientific Reports|  (2023) 13:6710 | https://doi.org/10.1038/s41598-023-33905-6 nature portfolio


https://doi.org/10.25923/3px6-9v48
https://doi.org/10.1111/mms.12776
http://www.fishbase.org

www.nature.com/scientificreports/

only and does not imply endorsement by the U. S. Government. This is contribution #1547 from the Institute of
Environment at Florida International University.

Author contributions

J.J.K. designed the study. L.P.G., ].J. K., M.R.H. and other investigators obtained funding. J.J.K., L.P.G. and other
investigators of the RESTORE project collected the data. J.J.K., ].V. and L.A.D. analyzed the samples with the
help of the Florida International University stable isotope facility. J.J.K., M.C. and L.P.G. analyzed the data. J.].K.
wrote the manuscript with contributions to drafting, critical review, and editorial input all coauthors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-33905-6.

Correspondence and requests for materials should be addressed to J.J.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:6710 | https://doi.org/10.1038/s41598-023-33905-6 nature portfolio


https://doi.org/10.1038/s41598-023-33905-6
https://doi.org/10.1038/s41598-023-33905-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Critically endangered Rice’s whales (Balaenoptera ricei) selectively feed on high-quality prey in the Gulf of Mexico
	Materials and methods
	Sampling. 
	Prey availability. 
	Stable isotope analysis and Bayesian mixing model. 
	Prey energy density and proximate composition. 
	Prey selection. 

	Results
	Nektonic community composition. 
	Rice’s whale biopsy sampling. 
	Trophic interactions and mixing model. 
	Proximate composition of prey. 
	Prey selection. 

	Discussion
	References
	Acknowledgements


